A drug delivery carrier G4-FA-PEG with PEG and FA modified on the periphery of G4.0 poly(amidoamine) (PAMAM) dendrimer was synthesized, and doxorubicin (DOX) was encapsulated in the interior. The in vitro cytotoxicity and cellular uptake in gliomas cells were both enhanced via a FR-mediated endocytosis pathway.
Introduction
Gliomas, as the most common primary brain tumors, oen result in the death of patients within several years. 1, 2 In spite of the extensive application of surgery, radiotherapy and chemotherapy in the treatment of malignant gliomas, the therapeutic effect is always poor.
3 Therefore, it is crucial to develop safe and effective drug/gene delivery systems. Over the past decades, the development of nonviral drug delivery carriers, such as liposomes, 4 ,5 quantum dots, 6 polymeric nanoparticles, 7 gold nanoparticles 8 and micelles 9 has been the focus of contemporary drug delivery research.
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Dendrimers are a novel class of macromolecules with controllable nano-size, easily modiable periphery groups and interior cavities. Particularly, poly(amidoamine) (PAMAM) dendrimers closely match in sizes and contours with some important proteins and bioassemblies.
11 Such macromolecules are recognized as the unique nanoscale carriers and currently being widely studied for their applications in diagnostics, imaging and treatment of cancers. 12 To meet the pharmaceutical and biomedical requirements, various strategies have been employed to endow the dendrimers with multi-functions. 13 Commonly, the peripheral modication with functional moieties, including targeting ligands, biocompatible linkers, drug molecules and image contrast agents is considered as an effective way to tune and manipulate the properties of dendrimers.
As reported, covalent attachment of poly(ethylene glycol) (PEG), a nontoxic and nonimmunogenic hydrophilic polymer, to the exterior of dendrimers could reduce the toxicity, improve biocompatibility and prolong circulation time of the dendrimerbased drug delivery systems due to the decrease of surface positive charges and increase of the size and molecular weight. 14, 15 In addition, these PEGylated carriers were expected to have better permeability and retention (EPR) effect so as to afford the enhanced ability to enter tumor tissues. 16 A. D'Emanuele et al. studied the cytotoxicity of PAMAM peripherally modied with lauroyl or PEG chains. They reported that such modication showed particularly effective for decreasing cytotoxicity due to the reduction/shielding of the positive charges on the exterior of PAMAM dendrimers. 17 Kono et al. designed and synthesized a PAMAM-based nanocapsule with an amino acid-based shell that was further modied by linking PEG chains. They found that such dendrimers displayed high ability for encapsulating guest molecules. 18, 19 To provide guidelines in designing appropriate dendritic scaffolds for drug delivery, Kim et al. synthesized a series of PEGylated G3 PAMAM dendrimers. They suggested that a lower degree of substitution with shorter PEG chains was sufficient for them as efficient universal scaffolds for drug delivery.
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It is well known that the site-specic delivery of anticancer drugs remains a great challenge because it is difficult to control the drugs mainly accumulated in the tumor site rather than permeating in the normal tissues in vivo, which leads to the harmful side-effects and even death of the patients. Many targeting agents have been tried to conjugate on the surface of the dendrimers to explore the targeting effects. 21, 22 Folic acid (FA), a necessary vitamin for the proliferation of cells, has been wildly studied for drug targeting because the receptors (FRs) of FA are over expressed on cancer cells and activated macrophages, while it shows a limited distribution in normal tissues. 23, 24 The advantages of using FA as a ligand are due to (1) the high affinity of FA to FRs (K d ¼ 10 À10 M) was maintained even aer FA was conjugated via the g-carboxyl group to other molecules; 25 (2) the deeper penetration effect than antibodies because of its small size and low molecular weight.
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Herein, we report a PAMAM dendrimer-based drug delivery carrier (G4-FA-PEG/DOX) with PEG 2000 partly linked to the exterior, doxorubicin (DOX) encapsulated in the interior and FA directly conjugated on the periphery of the carrier for taking the advantage of "cluster" effect. 28 Our aim is to endow the carrier with good biocompatibility and enhanced endocytosis through both the targeting of FA and electrostatic interaction between the residual positive charges of PAMAM and negative cell membrane. DOX was an effective and widely used anti-cancer drug, which was also reported to treat gliomas.
1 For comparison, temozolomide (TMZ), an alkylating agent which was able to cross the blood-brain barrier (BBB) and commonly used for the treatment of aggressive brain tumor, was also encapsulated in the carrier of G4-FA-PEG. Various measurements, including 1 H NMR, FTIR, UV-visible spectra and DLS were performed to characterize the properties of resulting carrier. The murine C6 glioma cells were particularly chosen to evaluate the cytotoxicity, the targeting effect and the intracellular localization of the drugs delivered by the carriers. To the best of our knowledge, the report referred to the carriers with FA targeting to glioma cells is still rare.
Materials and methods

Materials
Folic acid from Sigma-Aldrich and doxorubicin from Nanjing Tianzunzezhong Co., Ltd. were both used as received. O-(2-Carboxyethyl) polyethylene glycol (HO-PEG-COOH, M w : 2000) was purchased from Biomatrik Inc. Hydrochloride salt of 1-(3-dimethylaminopropyl)-3-ethylcarbo-diimide (EDC) was from GL Biochem (Shanghai) Ltd. Dimethylsulfoxide (DMSO), dimethylformamide (DMF), tetrahydrofuran (THF), methanol (CH 3 OH), acetone and anhydrous diethyl ether (all from Beijing Chemical Reagents) were puried following the standard procedures. G4 PAMAM dendrimers were prepared and puried according to the literature procedures.
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For cell culture experiments, murine C6 glioma cells were from Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing). Folatefree RPMI 1640 medium was purchased from BioInd. Dulbecco's Modied Eagle's Medium (DMEM) was from Macgene technology Co., Ltd.
Synthesis of G4-FA
FA was conjugated to the periphery of G4.0 PAMAM dendrimers via EDC coupling reaction as described in the literature.
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Briey, FA (0.335 g, 760 mmol) was dissolved in the mixed solvent of 18 mL DMF and 6 mL DMSO. To the above solution, EDC (2.06 g, 10.6 mmol) was added and stirred at room temperature for 1 h. The activated FA was added dropwise to 90 mL aqueous solution of G4.0 PAMAM (0.337 g, 23.7 mmol) and the solution was stirred in dark under nitrogen atmosphere at room temperature for 3 days. The solution was concentrated by rotary evaporation, and then precipitated in acetone. The crude product was dissolved in water and dialyzed against deionized water for 2 days to remove the unreacted FA. Aer lyophilization, the product was stored in dark. The number of FA linked to the dendrimer surface was estimated by 1 
Synthesis of G4-FA-PEG
The attachment of PEG to the dendrimer surface was similar with that of FA. Briey, HO-PEG-COOH (0.6 g, 300 mmol) was dissolved in 7.5 mL DMF. EDC (0.8 g, 4.17 mmol) in 2.5 mL DMSO was added to the above solution. Aer stirring for 2.5 h, the yielding solution was transferred to G4-FA (279 mg, 16.6 mmol) in deionized water drop by drop. The reaction was stirred in dark for 3 days and concentrated. Aer that, repeated precipitation in THF was carried out to remove unreacted PEG which could be proved by thin layer chromatography (TLC). The number of PEG conjugated was calculated by 1 
CONH-).
Drug loading G4-FA-PEG (153 mg, 5 mmol) was dissolved in 7 mL deionized water. DOX (58.1 mg, 100 mmol) in 7 mL deionized water was added dropwise to the dendrimer solution and stirred for 24 h in dark. The removal of free DOX was conducted by ultraltra-tion and dialyzed twice against deionized water for 40 min. The absorbance at 482 nm from UV-vis spectra was used to calculate the percentage of DOX encapsulated. The encapsulation of TMZ was following the similar procedure except DMSO as the solvent.
Particle size measurement
The particle size was measured with a zeta PALS analyzer (Brookhaven Instruments Corporation, BIC) equipped with a 35 mW solid state laser (660 nm), using BIC particle sizing soware (9kpsdw32, ver.2.3). All the samples including G4.0 PAMAM, G4-FA, G4-FA-PEG and G4-FA-PEG/DOX were dissolved in 10 mM PBS (pH 7.4, 1 mg mL À1 ) and ltered through a Minisart High-Flow, cellulose acetate 0.2 mm syringe lter (Sartorius Stedim Biotech GmbH, Germany) into the scattering cell. The measurement was carried out at 37 C.
In vitro DOX release
The DOX release was carried on in PBS (pH 7.4) at 37 C. 10.2 mg G4-DOX-PEG/DOX in 5 mL buffer solution was sealed in a dialysis bag (MWCO 8000) and immersed in 35 mL of the same buffer solution. A portion of 3 mL dialyzate was taken out at various time and replaced by 3 mL fresh buffer solution. The release of free DOX was performed in the same condition as a control. The released DOXs from the carrier were calculated with a standard curve draw by the ultraviolet spectrometry with the absorption wavelength of DOX at 482 nm.
Cell cultures
Murine C6 glioma cells were routinely grown in DMEM supplemented by 10% heated-inactivated fetal bovine serum (FBS), antibiotics (penicillin 100 U mL À1 , and streptomycin 100 mg mL À1 ) (all from GIBCO-BRL Life Technologies, Beijing local agent, China). The cells were maintained at 37 C with 5% CO 2 and harvested aer 80% conuence.
Cytotoxicity assays
The cytotoxicity of free DOX and G4-FA-PEG/DOX was determined by sulforhodamine B (SRB) assay. C6 cells were seeded into 96-well plates at a density of 5 Â 10 3 cells per well and cultured for 24 h before use. Then free DOX and G4-FA-PEG/ DOX were added to the plates at a series of DOX concentrations from 0 to 10 mM. Blank G4-FA-PEG without DOX was used to test the cytotoxicity of carrier. Aer 48 h incubation, the cells were washed three times with PBS and treated by SRB staining assay. The absorbance at 540 nm was detected with a microplate reader and the cell viability was calculated using the following formula: survival% ¼ (A 540 nm for the treated cells/A 540 nm for the control cells) Â 100%, where the A 540 nm was the absorbance value. Each assay was repeated for at least three times. IC 50 values were calculated from the dose-effect curve and expressed as concentration (mM) of DOX-equiv.
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The measurement of cytotoxicity of free TMZ and G4-FA-PEG/TMZ was following the same procedure as above.
Cellular uptake and competition assay of FA
Before the experiment, the cells were cultured in FA-free RPMI 1640 medium for some days. Then the cells were harvested and seeded into 6-well culture plates at a density of 5 Â 10 5 cells per well and incubated for 24 h. Free DOX and G4-FA-PEG/DOX were added at a DOX concentration of 10 mM and the cells were incubated for 2 h. Cells without drugs were used as a blank control. Thereaer, the cells were washed with cold PBS for three times and harvested. Since DOX has a quite strong uo-rescence, it can be easily detected by FAScan ow cytometer (Becton Dickinson FACSCalibur, Mountain View, CA, USA).
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FL2-H lter (585 AE 21 nm) was used for the collection of uo-rescence intensity and the events collected were ten thousands. For the competition assay, FA in RPMI solution (1 mM) was added to the cells and incubated for 30 min in advance. Aer-wards, free DOX and G4-FA-PEG/DOX were added to the cells for making the nal DOX concentration of 10 mM and maintained for 2 h at 37 C. The cells only with FA solution were utilized as a blank control. The intracellular localization of DOX in C6 cells was detected with laser scanning confocal microscope (Leica SP2, Heidelberg, Germany). Cells were cultured in chambered coverslips for 24 h and treated with free DOX or G4-FA-PEG/DOX at a DOX concentration of 10 mM. Aer 2 h incubation, the cells were washed with cold PBS for three times, xed with 4% (v/v) paraformaldehyde and nally stained with Hoechst 33258.
The competition assay was similar as the above.
Statistics analysis
Data were presented as mean AE standard deviation. One-way analysis of variance (ANOVA) was used to determine signi-cance among groups following the Bonferroni's post-test.
Results and discussion
Synthesis and characterization of G4-FA-PEG
To reduce the side effect of therapeutic agents, their targeting efficiency should be improved. One effective strategy is the modication of ligands onto the surface of the carrier. Here, we select FA as the functional ligand because of its comprehensive advantages of low immunogenicity, functional stability, over expression of receptors on cancer cells, and the nondestructive cellular internalization pathway.
2 Furthermore, while multiple ligands are simultaneously bound on one carrier, the multivalent interactions with the receptors are much stronger than the corresponding monovalent interaction, which is called "cluster" effect. 28 For example, Prof. S. K. Choi and coworkers detected higher binding avidity of FA to the receptors with a multivalent enhancement factor of 167 when six FA moieties were conjugated on G5 PAMAM dendrimers compared to free FA.
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In present study, FA was conjugated on the periphery of the fourth generation PAMAM through a carbodiimide mediated amide linkage by the reaction of exterior primary amino groups of PAMAM with the g-carboxyl group of FA (Fig. 1) . 1 
H NMR
measurement was used to analyze and calculate the number of FA conjugated on the periphery of PAMAM (Fig. 2a) . From the integration ratio of the proton signals at 7.67 ppm (phenyl protons of FA) to those at 2.49 ppm corresponding to the protons of methylenes next to the carbonyl groups in PAMAM branches, the average number of FA attached on PAMAM exterior was 5.9 per PAMAM molecule. Similarly, the number of PEG conjugated on the periphery of PAMAM was evaluated to be 6.9 per PAMAM (Fig. 2b) . Fourier transform infrared (FT-IR) measurement further proved the successful conjugation (Fig. 3) . Firstly, the peaks at 3286 and 3345 cm À1 (primary amino groups of PAMAM) turned 
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DLS measurement was used to detect the sizes of G4 PAMAM, G4-FA and G4-FA-PEG. It showed that the size appeared decrease in the order of G4-FA-PEG (12.1 nm) > G4-FA (5.4 nm) > G4 PAMAM (4.7 nm). The large size of G4-FA-PEG was due to the graing of PEG chains. This result was similar to that reported by Jiang et al., who also found the size enlarged from 5.00 nm (G4 PAMAM) to 11.74 nm (PEG-PAMAM 16/1). 35 
Drug loading
The loading of DOX was carried out by adding the aqueous solution of DOX to G4-FA-PEG in deionized water. Excess DOX was removed by ultraltration and then followed by dialysis. Based on the UV-Vis spectra analysis (Fig. 4) , the loading capacity of G4-FA-PEG was calculated to be 16.9% (w/w), which was much higher than the mPEG2000-G4 PAMAM reported by Kojima et al. 19 It may be due to the conjugation of FA on the surface of PAMAM. The improvement of loading capacity by introduction of FA was also observed by Chandrasekar, whose work showed increased indomethacin encapsulation with more FA molecules conjugated on the exterior of G4 PAMAM dendrimers.
The encapsulated numbers of TMZ was calculated from 1 H NMR (Fig. S1 †) . From the integration ratio of the proton signals at 8.76 ppm (TMZ) to those at 2.72 ppm corresponding to G4 dendrimer, the numbers of TMZ encapsulated were about 71.
In vitro DOX release
The encapsulated drugs should be able to release from the carriers to ensure the therapeutic effect. Therefore, we examined the in vitro release of DOX in PBS buffer (Fig. S2 †) . Free DOX was rapidly released within 2 hours. In contrast, the release of DOX from G4-FA-PEG/DOX followed a biphasic pattern, that was, an initial fast release followed by a sustained release. The release amount was about 50%.
Cytotoxicity test
The cytotoxicity of free DOX and G4-FA-PEG/DOX against murine C6 cells was tested and compared with G4-FA-PEG as a blank. As a result, G4-FA-PEG was non-toxic at all tested concentrations even through 51 primary amino residues still remained on the periphery of PAMAM dendrimers. It indicated that the cytotoxicity of amine-terminated PAMAM was remarkably reduced by linking FA and PEG although the average attaching numbers were only 6 for FA and 7 for PEG per dendrimer. The similar phenomenon was also observed and reported by A. D'Emanuele et al. In their study, only six lauroyl or four PEG chains were conjugated on the exterior of cationic PAMAM dendrimers. G4-FA-PEG/DOX was basically nontoxic at low concentration (<0.01 mM), with the C6 cell viability above 90% (Fig. 5A) . However, when the DOX concentration was increased to 0.1 mM, G4-FA-PEG/DOX exhibited obvious inhibitory effect to the proliferation of C6 cells and the IC 50 value in DMEM was 0.528 mM (0.734 mM for free DOX). We deduced that the higher cytotoxicity of G4-FA-PEG/DOX was mainly caused by the enhanced cellular uptake which would be explained below.
To explore the targeting effect of FA to the C6 cells, DMEM medium was replaced by FA-free RPMI medium to desaturate the FA receptors (FRs) on C6 cells. 36 However, both free DOX and G4-FA-PEG/DOX showed lower cytotoxicity to C6 cells in RPMI medium as compared to that in DMEM medium (Fig. 5B) . The cytotoxicity assay was repeated for many times, but the same result was obtained. The increased cell viability might be due to the growth of C6 cells stimulated by G4-FA-PEG in the FA-free RPMI medium because the higher cell viability was observed when increasing the concentration of G4-FA-PEG.
Although TMZ combined with adjuvant radiotherapy demonstrated survival benet for the patients with high-grade gliomas, 37 in our case, however, G4-FA-PEG/TMZ showed no obvious cytotoxicity until achieving extremely high concentration aer incubation with C6 cells for 2 days (Fig. S2 †) . These results conformed with the previous work declaring that C6 cells were partially resistant to TMZ. 38 Furthermore, a recent study revealed that TMZ with the concentration of 25 mM slightly reduced cell viability (by 9.5%) compared with 0.1% DMSO aer 5 days. 39 Thus we speculate that TMZ is not suitable for the treatment of C6 cells in our case.
Cellular uptake of DOX
DOXs show strong uorescence which makes them useful markers. Fig. 6 shows the histogram proles of the C6 cells treated by free DOX and G4-FA-PEG/DOX with the DOX concentration of 10 mM and the incubation time of 2 h. Cells without drugs exhibited only the auto-uorescence and were set as the control. The amount of DOX internalized into cells was measured by using the uorescence intensity as a ruler. 40 The cells treated with G4-FA-PEG/DOX (curve A2) showed a slightly stronger uorescence intensity than that with free DOX (curve A1), with the geometric mean uorescence intensity of 82 for curve A2 and 76 for curve A1, indicating that the cellular uptake of DOX was increased by the conjugation of FA. This result was consistent with the report of Wang et al. They suggested that FA moieties promoted the cellular uptake of hybrid polymeric nanoparticles through FR-mediated endocytosis. 41 However, PAMAM and FA-PAMAM showed similar efficiency in antisense oligonucleotides (ASODN) transfection in vitro according to another report. That might be owing to the limited FRs expression on C6 cells. 4 In the competition assay, the uorescence intensity of cells incubated with G4-FA-PEG/DOX was reduced aer presaturation with free FA (62.44 for B2), illustrating that the decreased cellular uptake of G4-FA-PEG/DOX was due to the competitively binding of free FA with FRs on the C6 cell, [42] [43] [44] which further conrmed the targeting effect of FA to C6 cells through FRmediated endocytosis.
As a typical anticancer drug, DOXs bind and disrupt DNA in the cell nucleus, leading to the death of cells. 45, 46 In order to visualize the intracellular localization of DOX in C6 cells, laser scanning confocal microscopy was utilized to detect the uo-rescence of DOX in the cells. Fig. 7 shows the confocal images of C6 cells treated with free DOX and G4-FA-PEG/DOX. Aer 2 h incubation, free DOX was mainly accumulated in the nuclei (Fig. 7a) while G4-FA-PEG/DOX exhibited retarded internalization with part of DOX transferred into nucleus and others distributed in the cytoplasm (Fig. 7b) . This is reasonable because free DOX was rapidly transported into cells via passive diffusion. 47, 48 Differently, the internalization of G4-FA-PEG/ DOX into C6 cells was via a FR-mediated endocytosis. 49, 50 In such a way, DOX was released from the carriers and then transported into the nuclei.
Conclusions
Dendrimers have been proved to be potential drug carriers for their monodisperse hydrodynamic nanodiameter that facilitates the diffusion into tumors. 51 However, the toxicity induced by surface charges hinders their biomedicine applications. In this regard, we prepared a G4.0 PAMAM dendrimer-based drug carrier by peripheral PEGylation to neutralize the positive charges of PAMAM dendrimers and FA modication to improve the site-targeting to tumors. The synthesized carrier showed increased size aer conjugation of FA and PEG chains. In the in vitro test, G4-FA-PEG was nontoxic at measured concentrations as we expected, but G4-FA-PEG/DOX exhibited stronger cytotoxicity to C6 cells when compared to free DOX for the higher cellular uptake than free DOX. G4-FA-PEG/DOX showed the enhanced ability to enter the C6 cells by a FR-mediated endocytosis pathway. In addition, the cellular uptake could be inhibited by the addition of free FA, indicating the targeting effect of FA in the glioma tumor-specic delivery of drugs. 
